Cisplatin (cis-diaminedichloroplatinum-II) is an extensively used chemotherapeutic agent, and one of its most adverse effects is ototoxicity. A number of studies have demonstrated that these effects are related to oxidative stress and DNA damage. However, the precise mechanism underlying cisplatin-associated ototoxicity is still unclear. The cofactor nicotinamide adenine dinucleotide (NAD þ ) has emerged as a key regulator of cellular energy metabolism and homeostasis. Here, we demonstrate for the first time that, in cisplatin-mediated ototoxicity, the levels and activities of SIRT1 are suppressed by the reduction of intracellular NAD þ levels. We provide evidence that the decrease in SIRT1 activity and expression facilitated by increasing poly(ADP-ribose) transferase (PARP)-1 activation and microRNA-34a through p53 activation aggravates cisplatin-mediated ototoxicity. Moreover, we show that the induction of cellular NAD þ levels using b-lapachone (b-Lap), whose intracellular target is NQO1, prevents the toxic effects of cisplatin through the regulation of PARP-1 and SIRT1 activity. These results suggest that direct modulation of cellular NAD þ levels by pharmacological agents could be a promising therapeutic approach for protection from cisplatin-induced ototoxicity.
However, progressive irreversible side effects of cisplatin, including nephrotoxicity and ototoxicity, greatly impair the patient's quality of life and frequently result in the need to lower the dosage during treatment or discontinuation of the treatment. Cisplatin ototoxicity primarily occurs in the cochlea and is generally caused by apoptotic damage to the outer hair cells (OHCs), spiral ganglion cells, and the marginal cells of the stria vascularis. In recent years, studies have demonstrated that cisplatin ototoxicity is also closely related to the damage of cochlear tissue by increased production of reactive oxygen species (ROS) and accompanied by the depletion of antioxidant substances and increased lipid peroxidation. 2, 3 ROSs, particularly the hydroxyl radical, have a critical role in cisplatin-induced p53 activation through DNA damage. 4 Although it is not easy to differentiate the cause from the consequence, a positive feedback loop between inflammatory cytokines and oxidative stress that worsen the cochlear damage is considered as one of the major mechanisms that facilitate cisplatin-induced hearing impairment. 5 Interestingly, p53 and NF-kB have been described as key mediators of cisplatin-induced toxicity because of their involvement in oxidative stress, DNA damage, and inflammation through a mutual feedback process of 'cause and effect.' 6, 7 In addition, activities of p53 and NF-kB could be regulated by post-translational modifications, including phosphorylation and acetylation. Recent studies have reported that acetylated p53 and NF-kB are correlated with cisplatin-induced toxicity. Furthermore, acetylation of p53 and NF-kB is critically involved in cisplatin-induced renal injury. 8, 9 Cellular nicotinamide adenine dinucleotide (NAD þ ) and NADH levels have been shown to be important mediators of energy metabolism and cellular homeostasis. 10, 11 As NAD þ acts as a cofactor for various enzymes, including sirtuins (SIRTs), poly(ADP-ribose) transferases (PARPs), and cyclic ADP (cADP)-ribose synthases, 12,13 the regulation of NAD þ level may have therapeutic benefits through its effect on NAD þ -dependent enzymes. SIRTs, NAD þ -dependent protein deacetylases, are present as seven homologs of Sir2 (SIRT1-7) that show differential subcellular localizations in mammals. 11 Among these, nuclear SIRT1 is activated under energy stress conditions, such as fasting, exercise, or low glucose availability.
14 SIRT1 has a key role in metabolism, development, stress response, neurogenesis, hormone responses, and apoptosis 15, 16 by deacetylation of substrates, such as NF-kB, FOXO, p53, and histones.
In particular, PARP-1 is a DNA damage sensor that can be activated in response to DNA damage by various pathophysiological conditions, including oxidative stress and inflammatory injury. However, excessive hyperactivation of PARP-1 causes the depletion of intracellular NAD þ and ATP levels, which eventually leads to cell death. 20, 21 PARP-1 activation is also known as one of the important pathogenic mechanisms in cisplatin-induced toxicity. 22, 23 A cytosolic antioxidant flavoprotein NADH:quinone oxidoreductase 1 (NQO1) catalyzes the reduction of quinones to hydroquinones by utilizing NADH as an electron donor, which consequently increases intracellular NAD þ levels. 24, 25 In addition, accumulation evidence suggests that NQO1 has a role in other biological activities, including anti-inflammatory processes, scavenging of superoxide anion radicals, and stabilization of p53 and other tumor suppressor proteins. [26] [27] [28] Several substrates of NQO1 enzyme, including mitomycin C, RH1, AZQ, Coenzyme Q10, and idebenone, have been identified, 29, 30 of which b-lapachone (3,4-dihydro-2,2-dimethyl-2H-naphtho [1,2-b] pyran-5,6-dione; b-Lap) is recently well studied as a substrate of NQO1. 31, 32 b-Lap was first isolated from the bark of the lapacho tree and reported to inhibit tumor cell line growth. 33 However, recent reports indicate that the conversion of NADH to NAD þ by NQO1 and b-Lap has beneficial effects on several characteristics of metabolic syndrome, for example, prevention of health decline in aged mice, amelioration of obesity or hypertension, prevention of arterial restenosis, and protection against salt-induced renal injury. [34] [35] [36] [37] [38] Furthermore, we recently have demonstrated that conversion of NADH to NAD þ by NQO1 and b-Lap suppresses cisplatin-induced acute kidney injury by downregulating potential damage mediators such as oxidative stress and inflammatory responses. 9 Although a link between NAD þ -dependent molecular events and cellular metabolism is evident, it remains unclear whether modulation of NAD þ levels has an impact on cisplatin-induced hearing impairment. Therefore, herein we investigated the role of NAD þ metabolism on cisplatin-induced cochlear dysfunction, and the effect of increased levels of intracellular NAD þ facilitated by b-Lap on cisplatin-induced hearing impairment with a particular interest in NAD þ -dependent enzymatic pathways including SIRTs and PARPs.
Results b-Lap ameliorates cisplatin-induced hearing loss in mice. To investigate the effect of b-Lap on cisplatin-induced hearing loss, C57BL/6 wild-type (WT) and NQO1
À / À mice were treated with b-Lap, cisplatin, or b-Lap plus cisplatin as indicated in Figure 1 . We measured the hearing function of the animals in experimental groups using auditory brainstem response (ABR) 1 day before and 4 days after cisplatin exposure. Marked shift in ABR threshold was observed in cisplatin-treated C57BL/6 WT mice at 4, 8, 16 , and 32 kHz. However, this cisplatin-induced ABR threshold shift was strongly attenuated in the b-Lap-treated WT mice at all frequencies examined (4, 8, 16 , and 32 kHz, Figure 1a ). ABR threshold was not altered in the phosphate-buffered saline (PBS) control or b-Lap only treated group. Next, we investigated whether b-Lap-induced protective effects are mediated through the conversion of NADH to NAD þ by NQO1. We performed a series of experiments using NQO1
À / À mice with the same experimental scheme. The ABR thresholds were markedly shifted in cisplatin-treated NQO1 À / À mice at 4, 8, 16, and 32 kHz, whereas this shift in ABR threshold was not attenuated by b-Lap in the NQO1 hearing functions in C57BL/6 WT mice were severely affected by cisplatin, but not in the b-Lap group (Figure 1) , we next examined whether the apoptotic cell death in cochlear tissues correspond to the observed loss of hearing function. TUNEL analysis indicated that the total number of TUNEL-positive nuclei clearly increased in the stria vascularis, spiral ligament, spiral ganglion neurons, and organ of Corti of the cisplatin alone group, whereas the TUNELpositive nuclei in the whole cochlea of ciapltin þ b-Lap mice were either not detected or negligible. Interestingly, this protective effect of b-Lap from the cisplatin-induced apoptotic cell death in the cochlea from WT mice (Figure 2a) was not observed in cochlear tissue from NQO1 À / À mice ( Figure 2b ). These results strongly indicate that NQO1 has a critical role in the protective effect of b-Lap from cisplatininduced cochlear damage and hearing deterioration. We next analyzed the effect of b-Lap on the viability of cisplatintreated HEI-OC1 auditory cells. b-Lap treatment significantly prevented cisplatin toxicity in a dose-dependent manner (Supplementary Figure 1A) , which was attenuated after transfection of cells with NQO1-specific siRNA (Supplementary Figure 1B) . These results strongly indicated that b-Lap acts through NQO1 to block cisplatin-induced toxicity.
PARP-1 activation is critically involved in cisplatininduced damages of cochlear tissues and HEI-OC1 cells. In our previous study, we demonstrated that increased ROS production is one of the major contributors to the pathogenesis of cisplatin ototoxicity in both in vitro and in vivo models by assessing DNA damage. 5 Here, we analyzed the effect of b-Lap on intracellular ROS levels in the cochlear tissue of cisplatin-injected mice by using 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H2-DCFDA), which is a peroxidesensitive fluorescent probe, and DNA damage by measuring the phosphorylation of H2AX using western blotting. As expected, cisplatin significantly increased the intracellular ROS production compared with that of the control, whereas the cisplatin-induced ROS production was completely attenuated by b-Lap (Figure 3a) . Consistently, the phosphorylation of H2AX, indicating DNA damage, was increased by cisplatin in a time-dependent manner (Figure 3b upper panel), and this cisplatin-induced phosphorylation of H2AX was attenuated by b-Lap (Figure 3b lower panel) .
PARP-1 is a major enzyme that transfers negatively charged ADP-ribose groups (PARylation) from NAD þ to itself or target proteins post-translationally and thus regulates a wide array of cellular processes, including transcription, DNA repair, and mitochondrial function. In particular, PARP-1 is activated in response to DNA damage by various pathophysiological conditions, including oxidative stress and inflammatory injury. The activation of PARP-1 results in PARylation of PARP-1 target proteins, which facilitates the recruitment of DNA repair factors. 21, 39 Therefore, to determine the involvement of PARP activation in cisplatin ototoxicity, we assessed the formation of PAR in the cochlea by immunohistochemical (IHC) and western blot analysis. After cisplatin injection, the formation of PAR was markedly increased in a timedependent manner (Figures 3c and d) . In addition, PARP activity was also significantly increased after cisplatin injection (Figure 3e ). Furthermore, IHC and western blot analysis revealed that b-Lap obviously blocked cisplatin-induced PAR formation in the cochlear tissue (Figures 3f and g ). Similar to the effect of b-Lap on PAR formation, b-Lap also significantly inhibited PARP activity in cisplatin-treated cochlear tissue (Figure 3h ). We further evaluated whether PARP-1 expression and its activation influence cisplatin-mediated cytotoxicity. Inhibition of PARP activity with PARP inhibitor DHIQ attenuated cisplatin-mediated HEI-OC1 auditory cell death ( Figure 3i 
b-Lap regulates the intracellular NAD
þ /NADH ratio via NQO1 and restores cisplatin-induced decrease in ATP levels by inhibiting PARP-1 activation. b-Lap is known as a strong substrate of NQO1 for oxidation of NADH to NAD þ and thereby increases the cellular NAD þ /NADH ratio. 31 In a previous study, we demonstrated that the decrease in the intracellular NAD þ /NADH ratio is critically involved in cisplatin-induced renal damage and b-Lap ameliorates cisplatin-induced renal impairment through restoration of cisplatin-induced reduction of cellular NAD þ /NADH ratio in renal tissue. 9 Therefore, to determine the time-dependent effect of b-Lap on cellular NAD þ /NADH ratio, we investigated intracellular NAD þ /NADH ratio in cochlear tissues for 4 consecutive days after treatment with cisplatin and/or b-Lap. The intracellular NAD þ /NADH ratio in the cochlear tissues of mice was significantly and time dependently decreased by cisplatin exposure. However, such decreases were significantly attenuated by b-Lap treatment ( Figure 4a ). We also examined the cellular NAD þ /NADH ratio in HEI-OC1 auditory cells after treatment with cisplatin. The intracellular NAD þ /NADH ratio in HEI-OC1 cells was significantly and time dependently decreased by cisplatin exposure (Figure 4b ), whereas b-Lap treatment significantly attenuated the cisplatin-induced decreases of NAD þ /NADH ratio with a dose-dependent manner ( Figure 4c ). The intracellular NAD þ or NADH levels in cisplatin and/or b-Lap-treated HEI-OC1 cells were individually shown in Supplementary Figure 2A , from which the intracellular NAD þ /NADH ratio was calculated. Interestingly, the effect of b-Lap on the increase of NAD þ /NADH ratio was completely abolished by transfection of NQO1-specific siRNA ( Figure 4d ). These results indicated that b-Lap, acts as a substrate of NQO1, increased cellular NAD þ levels in a NQO1-dependent manner. As excessive hyperactivation of PARP-1 results in the depletion of intracellular NAD þ and ATP levels, and eventually leads to cell death, we evaluated whether PARP-1 activation influences the decrease in cellular NAD þ /NADH ratio. The decrease in the intracellular NAD þ /NADH ratio by cisplatin in HEI-OC1 cells was significantly restored by DHIQ, a PARP inhibitor (Figure 4e ). Similar to the effect of DHIQ, knockdown of PARP-1 by transfection of siRNA significantly attenuated the decrease in the intracellular NAD þ /NADH ratio by cisplatin ( Figure 4f ). We also examined whether PARP-1 activation contributed to the modulation of ATP levels and b-Lap could restore ATP levels altered by cisplatin treatment.
As expected, after a single injection of cisplatin (16 mg/kg body weight), the ATP level in the cochlear tissue rapidly decreased in a time-dependent manner (Supplementary Figure 3A) , whereas b-Lap treatment significantly restored the ATP levels (Supplementary Figure 3B) . In addition, similar results were observed in cisplatin-treated HEI-OC1 auditory cells (Supplementary Figures 3C and D) . b-Lap significantly restored the cisplatin-induced decline in the ATP level in vitro.
b-Lap restores cisplatin-induced decrease in SIRT1 expression and its enzymatic activity. To evaluate the effects of cisplatin on SIRT1 protein level and its activity, C57BL/6 mice and HEI-OC1 auditory cells were treated with cisplatin for specified time periods. IHC and western blot analysis revealed that in vivo injection of cisplatin reduced the level of SIRT1 expression in the cochlear tissue in a timedependent manner (Figures 5a and b ). In addition, cisplatin treatment to HEI-OC1 auditory cells significantly reduced the level of SIRT1 expression compared with the media control (Supplementary Figure 4A) . Twenty-four hours after cisplatin exposure, SIRT1 expression level was approximately 30% of that of the control group. We further examined SIRT1 expression by immunofluorescent staining. As shown in Supplementary Figure 4B , SIRT1 was predominantly localized in the nucleus. However, after exposure to cisplatin, SIRT1 expression in the nucleus was obviously decreased. Consistent with these results, cisplatin treatment significantly decreased SIRT1 deacetylase activity (Supplementary Figure b-Lap restores SIRT1 expression through the modulation of acetylated p53 and its transcriptional target miR-34a expression. Recent reports indicate that miR-34a is a negative regulator of SIRT1 and downstream effector of p53. 40, 41 As SIRT1 expression is decreased by cisplatin, we next investigated the expression level of miR-34a in the cochlear tissue of animals in the experimental groups and in HEI-OC1 auditory cells. After cisplatin exposure, the expression level of miR-34a was significantly increased in the cochlear tissue ( Figure 6a ) and HEI-OC1 cells (Figure 6c ), Figure 3 PARP-1 activation in cisplatin ototoxicity. b-Lap (40 mg/kg body weight) was administered orally once a day for 4 consecutive days. Cisplatin (16 mg/kg body weight) was injected once at 12 h after the first b-Lap administration. (a) Cochlear tissue was isolated at 4 days after cisplatin injection, and then tissue extracts were incubated with 20 mM of 2 0 ,7 0 -dichlorodihydrofluorescein diacetate to determine total ROS at 37 1C for 60 min. Fluorescence intensity was recorded using a fluorometer and normalized to protein content. (b) Cochlear tissue was isolated at indicated times (upper) and 4 days (lower) after cisplatin treatment. (c-h) DNA damage was determined by western blotting using anti-gH2AX antibody. PARP-1 activation was analyzed by IHC (c and f) and western blotting (d and g) using anti-PAR antibody, and PARP activity was assayed using the PARP assay kit (e and h) in the cisplatin-treated cochlear tissue. Control, PBS-treated group; Cisplatin, 16 
Days after cisplatin injection
Role of NAD þ in cisplatin ototoxicity H-J Kim et al whereas the increase was completely attenuated to control levels by treatment with b-Lap (Figures 6b and d) . To explore the effect of miR-34a on SIRT1 protein expression, we examined the effect of miR-34a overexpression on SIRT1 expression level by western blot analysis. As shown in Figure 6e , miR-34a overexpression by transfection of miR-34 precursor markedly suppressed the SIRT1 expression in HEI-OC1 cells. The activation of p53, especially acetylated p53, has been described as a key mediator of cisplatin toxicity and upstream regulator of miR-34a. Therefore, we evaluated whether b-Lap decreased cisplatin-induced acetylation of p53 in HEI-OC1 cells. Western blot analyses indicated that cisplatin treatment significantly increased acetylation of p53 (Figure 6f ) without change in total p53 protein level, whereas b-Lap completely suppressed p53 acetylation in HEI-OC1 cells (Figure 6g ). In addition, b-Lap significantly attenuated cisplatin-induced p53 acetylation in cochlear tissues of mice (Figure 6h ). To further confirm actual activation of p53 by its acetylation after cisplatin treatment, we examined the downstream targets of p53 including Bax and p21. Treatment with cisplatin to HEI-OC1 cells significantly increased the levels of Bax and p21 protein expression in a time-dependent manner (Supplementary Figure 5A) . However, such increases were significantly attenuated by b-Lap in a dose-dependent manner (Supplementary Figure 5B) . Therefore, these results strongly suggest that cisplatin induces p53 activation by its acetylation, but not by the increase of p53 protein expression. To clarify the role of p53 on miR-34a and SIRT1 expression, we performed knockdown of p53 by siRNA transfection. The knockdown of p53 markedly attenuated the increase in miR34a expression and restored the SIRT1 expression levels in cisplatin-treated HEI-OC1 cells (Figures 6i and j) .
b-Lap inhibits the acetylation of NF-jB subunit p65 and production of pro-inflammatory cytokines. As SIRT1 activation decreases acetylation of NF-kB subunit p65 at lysine-310, 19 we next examined whether acetylation of NF-kB subunit p65 is decreased by b-Lap. Western blot analysis indicated that cisplatin significantly increased acetylation of NF-kB p65, and the maximum increase was observed 12 h after cisplatin treatment in HEI-OC1 cells (Figure 7a) . To explore the effect of b-Lap on cisplatininduced acetylation of NF-kB, we examined the changes in NF-kB p65 acetylation by western blot and IHC analysis. We found that b-Lap suppressed cisplatin-induced acetylation of NF-kB p65 in HEI-OC1 cells and cochlear tissue (Figures  7b-d) . Consistent with these results, b-Lap significantly Figure 6A) and mRNA levels of pro-inflammatory cytokine genes in the cochlear tissue (Supplementary Figures 6B-D) . Taken together, these results suggested that the induction of the cellular NAD þ levels using b-Lap, whose intracellular target is NQO-1, ameliorated cisplatin-ototoxicity by the regulation of PARP-1 and SIRT1 activity.
Discussion
Cisplatin is a widely used chemotherapeutic drug for the treatment of various solid tumors. However, adverse effects including nephrotoxicity and ototoxicity limit its therapeutic efficacy. Cisplatin-induced nephrotoxicity can be attenuated by saline hydration as well as mannitol diuresis, whereas there are no clinically proven protective remedies for cisplatin ototoxicity. Although the incidence and severity of hearing loss after cisplatin treatment vary considerably, 40-80% of patients have an elevated hearing threshold following cisplatin treatment. [42] [43] [44] Thus, it is an imperative to develop treatments that will ameliorate cisplatin ototoxicity. NAD þ and NADH act as metabolic cofactors and ratelimiting co-substrates for many enzymes involved in various biological processes, including energy metabolism, stress adaptation and cellular homeostasis. Many studies have demonstrated that maintaining intracellular NAD þ is important for cell survival in various diseases, including axonal degeneration, cerebral ischemia, and cardiac hypertrophy. NAD þ biosynthesis is mainly accomplished through either the de novo pathway from tryptophan or the salvage pathway from nicotinamide and nicotinic acid. NAD þ can be also converted from NADH by NQO1, which catalyzes two-electron reduction of natural substrates such as Coenzyme Q-10 or vitamin E, but this reaction rate is very slow. Recently, many studies have reported that the conversion of NADH to NAD þ by NQO1 and b-Lap, a strong NQO1 substrate, elicits beneficial effects on features of metabolic syndromes, including aging, obesity, hypertension, arterial restenosis, and salt-or cisplatin-induced renal injury, [34] [35] [36] [37] [38] raising the possibility that intracellular NAD þ increase through the NQO1 enzymatic action might be a potential therapeutic approach for treating various diseases. b-Lap is mainly identified as an antitumor agent because of its selective killing of cancer cells in an NQO1-dependent manner. However, research interest on b-Lap has been renewed because of its therapeutic role in various metabolic diseases, because it increases SIRT1 activity by boosting intracellular NAD þ level. In this study, we demonstrated the impact of NAD þ metabolism in cisplatin ototoxicity. Our results are the first to show that cisplatin-induced cochlear damage and hearing loss are mediated by the significant decline in SIRT1 activity by a decrease in intracellular NAD þ level because of the hyperactivation of PARP-1 and the decrease of SIRT1 expression regulated by the p53-miR-34a pathway. Moreover, the decrease in SIRT1 activity could not deacetylase its downstream targets such as p53 and NF-kB, which were highly activated by acetylation after cisplatin exposure, and thereby aggravated cisplatin-mediated ototoxicity through inflammation and apoptosis. However, b-Lap administration attenuated cisplatin-induced hearing loss and deleterious effects on cochlear tissue. In addition, b-Lap reduced cytotoxicity by consistently decreasing ROS production and subsequent DNA damage induced by cisplatin. These in turn restored intracellular NAD þ levels through inactivation of PARP-1. b-Lap, by itself, increased cellular NAD þ levels in a NQO1-dependent manner. Consistently, b-Lap attenuated the cisplatin-induced decrease in both SIRT1 expression and activity, and facilitated the deacetylation of p53 and NF-kB.
Previous studies have demonstrated that cisplatin accumulates in the target tissues such as the cochlea to produce ROS, which may deplete cellular defense mechanisms against oxidative stress and DNA damage. Cisplatin also directly binds to DNA, resulting in the disruption of the synthesis of key proteins and leading to cell injury and cell death. Supporting this notion, our data indicated that the levels of DNA damage in the cochlear tissue were significantly increased by cisplatin treatment consistent with the increase in intracellular ROS levels. Accumulation of DNA damage can lead to cell cycle arrest or genomic instability. The removal of oxidative DNA damage through repair of DNA single-strand breaks is facilitated by PARPs. PARP-1 is the most critical protein-modifying nuclear enzyme involved in DNA repair. PARP-1 is a major NAD þ consumer in this cellular processes, in which the ADP-ribose moiety is transferred to PARP-1 itself or other acceptor proteins in order to build poly(ADP-ribose) polymer (PAR). 45 PARP-1 is strongly activated by DNA damage and oxidative stress. Under physiological conditions, However, hyperactivation of PARP-1 upon severe oxidative damage causes rapid depletion of intracellular NAD þ levels and ATP, and eventually leads to cell death and related pathological conditions. 46, 47 In this study, hyperactivation of PARP-1 was observed in cisplatin-treated cochlea, and this hyperactivation led to a decline in the intracellular NAD þ levels and SIRT1 activity. Interestingly, it is well established that PARP-1 and SIRT1 activity are inter-dependent as they compete for a limited pool of cellular NAD þ . SIRT1 has a K m for NAD þ that lies within the range of the physiological changes in intracellular NAD þ content. However, K m of PARP-1 for NAD þ is 2-10 times lower than SIRT1. 48 Thus, PAPR-1 activation may critically influence SIRT1 activity by reducing NAD þ bioavailability. This is further supported by recent studies where genetic depletion of PARP-1 or pharmacological inhibition of PARP-1 activity increases intracellular NAD þ level and subsequent SIRT1 activity.
Consistent with these results, we demonstrated that cisplatinmediated PARP-1 activation critically influenced cytotoxicity and ATP levels, as well as SIRT1 activity, through the decrease in cellular NAD þ /NADH. Furthermore, recent observations have demonstrated that SIRT1 has a pivotal role in cisplatin toxicity. 8, 49 In our previous study, we reported that SIRT1 expression was increased in cisplatin-treated kidney tissues, whereas SIRT1 activity was decreased in cisplatin-treated kidney tissue because of the decrease in intracellular NAD þ level. 9 Interestingly, in this study, we observed simultaneous decreases in SIRT1 activity and protein expression in cisplatin-treated cochlear tissues and HEI-OC1 auditory cells. These results suggest that SIRT1 expression might be differentially regulated by cisplatin depending on the tissue types. It has to be elucidated how cisplatin affects the SIRT1 expression levels. In general, the expression of SIRT1 can be regulated by PARP-2. PARP-2 acts as a transcriptional repressor of SIRT1 by direct binding with SIRT1 promoter. The expression of SIRT1 can be also regulated by microRNAs (miRNAs), such as miR-9, miR-22, Role of NAD þ in cisplatin ototoxicity H-J Kim et al miR-34, miR-181, and miR-200. Among them, miR-34a is the first identified miRNA to regulate SIRT1. 41 Recently, miR-34a has been reported to bind directly to 3'-UTR of SIRT1 and regulate cell death and senescence by repressing SIRT1 expression in various cells, suggesting that miR-34a may be a negative regulator of SIRT1. 50 Therefore, we investigated whether PARP-2 and miR-34a affect SIRT1 expression. Our results showed a significant increase in miR-34a expression in the cisplatin-treated cochlear tissue and HEI-OC1 auditory cells. In addition, our gain-of-function approaches to miR-34a demonstrated that transfection of miR-34a precursor into HEI-OC1 auditory cells resulted in the downregulation of SIRT1 expression. However, neither PARP-2 induction (Supplementary Figure 7A) nor direct binding between PARP-2 and SIRT1 promoter (Supplementary Figure 7B) could be observed in cisplatin-treated HEI-OC1 cells. These observations indicate that miR-34a is mainly involved in the downregulation of SIRT1 expression after cisplatin treatment. In addition, miR-34a is also known as a downstream effecter of p53. It is well known that tumor suppressor p53 is one of the main players in cisplatin-mediated cytotoxicity. Previous studies demonstrated that downregulation of p53 attenuated cisplatin-induced cytotoxicity. 51 p53 is subjected to posttranslational modifications that have critical effects on its stability and function, including phosphorylation, acetylation, sumoylation, neddylation, and methylation. 52 Activation of p53 is an important cellular response to DNA damage. It is noteworthy that recent studies have reported that p53 is activated by its acetylation on lysine residues, including Lys 370, 372, 382, and 386 in the carboxy-terminal region 53 and acetylated p53 is critically involved in cisplatin toxicity. 8, 9 As miR-34a negatively regulates SIRT1 expression level, we examined whether p53 is influenced in miR-34a-mediated repression of SIRT1. As expected, we confirmed the cisplatininduced p53 activation by measuring its enhanced acetylation level. In addition, downregulation of p53 protein expression by transfection of p53-specific siRNA markedly restored SIRT1 expression to normal control levels via decrease in miR-34a in the cisplatin-treated HEI-OC1 cells. Interestingly, SIRT1 regulates p53 function through direct interaction and subsequent deacetylation of p53. 18, 54 In the nucleus, acetylated p53 stimulates its sequence-specific DNA binding and subsequent recruitment of other transcription cofactors to promoter regions, and thereby enhances the transcription of target genes, such as the p53-upregulated modulator of apoptosis, NADPH activator A, and p53-induced gene 3, that are involved in ROS production through mitochondrial dysfunction or apoptosis. Nuclear-localized SIRT1 was shown to deacetylate p53 and represses p53-mediated cell growth arrest and apoptosis in response to DNA damage and oxidative stress. 55 Thus, our results suggest that cisplatin-mediated reduction of SIRT1 expression and activity can accelerate the p53-miR34a pathway as a mutual 'cause and effect' feedback loop.
NF-kB transcription factor is one of the key regulators of inflammation. In our previous study, we demonstrated that pro-inflammatory cytokines, such as TNF-a, IL-1b, and IL-6, have a critical role in cisplatin-induced cochlear injury through activation of NF-kB. 7 NF-kB activation is achieved by either an IkB-dependent pathway through IkB phosphorylation and subsequent degradation or an IkB-independent pathway through post-translational modifications of Rels, including acetylation of the NF-kB p65 subunit. NF-kB p65 can be acetylated at five specific lysine residues (Lys-122, -123, -218, -221, and -310). In particular, acetylation of Lys-310 is required for the transcriptional activity of NF-kB, whereas the other acetylation sites are involved in DNA binding. 56 A large body of recent evidence indicates that SIRT1 regulates the inflammatory responses through NF-kB p65 deacetylation. SIRT1 knockdown leads to the activation of the inflammatory pathway with increased inflammatory gene expression, whereas SIRT1 activation produces anti-inflammatory effects.
57 SIRT1 physically interacts with the nuclear translocated NF-kB p65 and deacetylates NF-kB p65 at Lys-310, thereby inhibiting the transcriptional activity of NF-kB. 19 In addition, SIRT1 could also inactivate p300/CBP, critical co-activators of NF-kB, by deacetylation and facilitate the downregulation of NF-kBdependent expression of inflammatory genes. 58 Interestingly, it has been reported that the overexpression of SIRT1 or treatment with resveratrol, an indirect activator of SIRT1, decreased the acetylation of NF-kB p65 and cytotoxicity induced by cisplatin in the human proximal tubule cells. 59 In this study, we also observed that the acetylation of NF-kB p65 was increased in cisplatin-treated cochlear tissue and HEI-OC1 auditory cells facilitated by the decreased SIRT1 activity and expression caused by the decrease in intracellular NAD þ levels and the increased miR-34a, respectively. However, b-Lap treatment downregulated the acetylation of NF-kB p65 as well as the production of pro-inflammatory cytokines through activation of SIRT1 in the cochlea.
In conclusion, we have demonstrated for the first time that both the protein expression level and the activity of SIRT1 were suppressed by the reduction of intracellular NAD þ levels in cisplatin-treated cochlear tissue. We also found that the decrease in SIRT1 protein expression and its activity after cisplatin exposure were mediated by the increase in transcriptional activity of p53 for miR-34a expression and PARP-1 activation causing NAD þ depletion, respectively. However, the increase in cellular NAD þ levels by the NQO1 enzymatic action using b-Lap as a substrate prevented mice from cisplatininduced cochlear damage and hearing impairment through the modulation of PARP-1, SIRT1, p53, and NF-kB. Considering that b-Lap itself did not attenuate the tumoricidal effect of cisplatin, 9 these results suggest that the direct modulation of the cellular NAD þ level by pharmacological agents could be a promising therapeutic strategy for enhancing the efficacy of cisplatin chemotherapy without its adverse effects. Animal experiments and measurement of hearing function. Male C57BL/6 mice were purchased from the Central Laboratory Animal Inc. (Seoul, Korea). NQO1 knockout mice on a C57BL/6 background were kindly provided by Dr. CH Lee (Animal Model Center, Korea Research Institute of Bioscience and Biotechnology, Daejeon, Korea). All mice were fed a standard commercial diet while housed at an ambient temperature of 20-22 1C with a relative humidity of 50% ± 5% under 12-h/12-h light-dark cycle in a specific pathogen-free facility. The experimental mice were 8 weeks old and divided into four groups: control (n ¼ 5), cisplatin (16 mg/kg; Sigma; n ¼ 5), b-Lap plus cisplatin (n ¼ 5), and b-Lap alone (40 mg/kg; n ¼ 5). b-Lap was administered orally once a day for 4 consecutive days. A single dose of cisplatin was administered intraperitoneally 12 h after the first b-Lap administration. For analysis of the auditory threshold, ABR was recorded at 1 day before and 4 days after the cisplatin treatment with tone bursts of 4, 8, 16 , and 32 kHz (1-ms rise/fall time, 2-ms plateau) using an ABR workstation (Tucker-Davis Technologies, Alachua, FL, USA). Mice were anesthetized using a cocktail of ketamine (40 mg/kg) and xylazine (10 mg/kg) and kept warm with a heating pad during ABR recording. A subdermal (active) needle electrode was inserted at the vertex, while ground and reference electrodes were inserted subdermally in the loose skin beneath the pinnae of opposite ears. The ABR waveforms were averaged over a 10-ms time window, using the Tucker-Davis ABR workstation software. The sound intensity was varied at 10-dB intervals near the hearing threshold. The ABR thresholds between pretreatment and post-treatment conditions were then compared. Judgment of the threshold was made off-line by two independent, experimentally blinded observers on the basis of the ABR records. In addition, the mice were killed at specified time points for IHC and biochemical analysis. The experimental protocol was approved by the Animal Care and Use Committee at Wonkwang University.
Transfection with siRNA constructs. Predesigned siRNAs against mouse NQO1 (sc-37140), PARP-1 (sc-29438), p53 (sc-29436), and control scrambled siRNA were purchased from Santa Cruz Biotechnology. For the siRNA knockdown experiments, HEI-OC1 cells were transiently transfected with 100 nM siRNA constructs using X-tremeGENE siRNA transfection reagent (Roche Applied Science, Penzberg, Germany), following the manufacturer's protocol. The interference in expression was confirmed by immunoblot analysis.
Measurement of SIRT1 activity. The effects of cisplatin and b-Lap on SIRT1 activity were determined using a fluorescent SIRT1 assay kit (Enzo Life Sciences International Inc., Plymouth Meeting, PA, USA) following the manufacturer's instructions. Briefly, the SIRT1 activity assays were performed using Fluor de Lys-SIRT1, NAD þ , and SIRT1 in SIRT1 assay buffer (25 mM Tris-Cl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2 , and 1 mg/ml bovine serum albumin) in a 96-well plate. Reactions were initiated by adding each substrate solution. After incubation at 37 o C for 1 h, the plate was further incubated with developing solution for 5 min. The deacetylation of the substrate was measured using CytoFluor series 4000 fluorometer (PerSeptive Biosystems Inc., Framingham, MA, USA) with excitation wavelength set to 360 nm and emission wavelength set to 460 nm.
Measurement of PARP-1 activity. PARP activity was assayed using the Trevigen Universal chemiluminescent PARP assay kit (Trevigen, Gaithersburg, MD, USA) following the manufacturer's instructions. The lysate (30 mg/well) was added in duplicates to the wells containing PARP buffer and PARP cocktail, followed by incubation at room temperature for 1 h. The wells were washed thrice with PBS plus 0.1% Triton X-100 (PBST), followed by incubation with a 1:1000 dilution of streptavidin-horseradish peroxidase in strep diluent buffer for 1 h. After three washes with PBST, chemiluminescent detection was performed. The background reading was subtracted from the readings of the samples, and PARP activity was calculated using the standard curve obtained from the readings of standards.
Determination of ROS production. ROS production was determined by the modified method from Gang et al. 60 Briefly, to determine total ROS, cochlear tissue extracts (100 ml) from each experiment group were incubated with 20 mM H2-DCFDA (Invitrogen, San Diego, CA, USA) for 60 min at 37 1C. Fluorescence intensity was recorded using the CytoFluor series 4000 fluorometer (PerSeptive Biosystems Inc.) and normalized to protein content.
Real-time PCR for miR-34a and pro-inflammatory cytokines. For evaluation of miR-34a expression, total RNA including the small RNA fraction was extracted from isolated cochlea and HEI-OC1 cells using a mirVana miRNA isolation kit (Ambion, Austin, TX, USA) following the manufacturer's instructions. Extracted RNA was reverse transcribed by using Taqman miRNA Reverse Transcription Kit and then amplified in a 20 ml PCR and primer set for amplification of miR-34a (Assay ID: 000426) and U6 (Assay ID: 001093) using TaqMan miR assays following the manufacturer's recommended protocol. The amplification step consisted of an initial denaturation at 95 1C, followed by 40 cycles of denaturation at 95 1C for 15 s and then annealing at 60 1C for 1 min. All reactions were carried out on the LightCycler PCR system (Roche Applied Science) using the TaqMan Universal PCR master Mix. Relative levels were determined using the DDCt (threshold cycle value) method with U6 as an endogenous control, and the fold changes were calculated for each sample. For determination of the levels of pro-inflammatory cytokines, total RNA was isolated from cells using TRIzol (Invitrogen) following the manufacturer's protocol. Three micrograms of RNA were used for cDNA conversion using the First Strand cDNA Synthesis Superscript kit (Invitrogen) following the manufacturer's protocol. Quantitative real-time PCR was performed using SYBR Green Mastermix (Invitrogen). Reactions were performed in triplicates, and specificity was monitored using melting curve analysis after cycling. Primers used were as follows: TNF-a, 0 . Relative mRNA expression levels were quantified using the DDCt method and GAPDH was used as an internal control. Results are expressed as fold changes relative to controls.
Determination of NAD
þ /NADH ratio. NAD þ and NADH were measured using a fluorescent NAD þ /NADH detection kit (Cell Technology Inc., Mountain View, CA, USA) following the manufacturer's instruction. Briefly, cells were homogenized in 200 ml acid extraction buffer to measure total cellular NAD þ concentration, or 200 ml alkali extraction to determine total cellular NADH concentration. Homogenates were then neutralized, and after an enzymatic cycling reaction, the concentration of NAD þ /NADH was measured using a fluorescence microplate reader.
Western blot analysis. Twenty micrograms of protein were subjected to electrophoresis on 10% SDS-polyacrylamide gels for 3 h at 20 mA, and then the protein was transferred to a nitrocellulose membrane. The membrane was then incubated in 5% (wt/vol) dried milk protein in PBS containing 0.05% (vol/vol) Tween-20 (PBST) for 1 h, washed in PBST, and then further reacted with primary antibody (1:1,000) for 1 h. Next, the membrane was extensively washed with PBST and incubated with appropriate secondary antibodies for 1 h at room temperature. After extensive washes, protein bands on the membrane were visualized using chemiluminescent reagents according to the manufacturer's instructions (Supersignal Substrate; Pierce, Rockford, IL, USA).
IHC staining and TUNEL staining. The removed temporal bone was fixed in 4% paraformaldehyde for 16 h and then decalcified with 10% EDTA in PBS for 2 weeks, after which it was dehydrated and embedded in paraffin wax. Next, 5-mm-thick sections were deparaffinized in xylene and rehydrated through graded concentrations of ethanol. For the immunohistochemistry study, an immunohistochemistry kit (DAKO LSAB Universal K680, Carpinteria, CA, USA) was used following the manufacturer's instructions. The endogenous peroxidase was blocked with 3% hydrogen peroxide for 5 min at room temperature. After the sections were washed in PBS, nonspecific binding was blocked with 1% BSA for 1 h. Primary antibodies were then added to the slides, after which the incubation was continued for 1 h. After repeated washes with PBS, the sections were incubated with biotinylated secondary antibody for 30 min and then covered with streptavidin-peroxidase for 15 min. Finally, the sections were stained in a freshly prepared substrate solution (3 mg of 3-amino-9-ethylcarbazole in 10 ml of sodium Role of NAD þ in cisplatin ototoxicity H-J Kim et al
